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FlavivirusRNA replication involves cyclization of the viral genome.Amodel for this process includes a promoter element at the 5′ end of the genome
and long-range RNA–RNA interactions. Two pairs of complementary sequences present at the ends of the viral RNA, known as 5′–3′CS and 5′–3′
UAR, have been proposed to be involved in dengue virus genome cyclization. The requirement of 5′–3′CS complementarity for viral replication has
been experimentally demonstrated for dengue and other mosquito borne flaviviruses. Here, we performed a functional analysis to study the role of 5′–3′
UAR sequences using genomic and subgenomic dengue virus RNAs. We found that single mutations disrupting 5′–3′ complementarity greatly
compromised viral RNA synthesis. Although inmost of the cases incorporation of compensatorymutations re-established viral RNA replication, certain
nucleotides were found to be involved in alternative secondary structures also important for viral replication. In addition, mutations within 5′ or 3′UAR
in the context of an infectious dengue virus RNA resulted in spontaneous mutations that restored UAR base pairings. Together, we propose that specific
UAR nucleotides as well as 5′–3′UAR complementarity constitute cis-acting signals involved in amplification of the dengue virus genome.
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Cyclization sequencesIntroduction
Dengue fever is the most prevalent mosquito borne viral
disease of humans, affecting more than 50 million people an-
nually. Despite the urgent need to control dengue infections
neither specific antiviral therapies nor licensed vaccines exist
and the molecular biology of this virus is not well understood.
Dengue virus (DENV) is a member of the Flaviviridae family
together with other important human pathogens such as yellow
fever, West Nile, and Japanese encephalitis viruses. The single
plus stranded RNA genome of dengue and other flaviviruses is
amplified in the infected cell by a two-step process. First, the
viral RNA dependent RNA polymerase (RdRp), encoded in the
viral protein NS5, makes a complementary strand with negative
polarity, which in turn serves as a template to copy multiple
viral genomes. The replication process is highly asymmetrical,
leading to excess of plus strand progenies over the minus strand⁎ Corresponding author. Fax: +54 11 5238 7501.
E-mail address: agamarnik@leloir.org.ar (A.V. Gamarnik).
0042-6822/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2008.01.014intermediates (Lindenbach and Rice, 2001). Molecular details
of how the viral RdRp recognizes and specifically amplifies
flavivirus genomes remain unclear. Here, we used DENV to
investigate the role of cis-acting elements present in the 5′ and
3′UTRs during viral RNA replication.
DENV genomic RNA is about 11kb long and encodes a single
open reading frame flanked by highly structured 5′ and 3′UTRs.
The approximately 100-nucleotide-long 5′UTR has a type 1 cap
structure at the 5′ end and shows almost complete sequence con-
servation among different serotypes (Markoff, 2003). The pre-
dicted structure of the 5′UTR consists of two stem loops: a large
stem loop A (SLA) and a second short stem loop B (SLB), which
ends in the translation initiationAUGcodon (Brinton andDispoto,
1988; Cahour et al., 1995). SLA was recently shown to be the
promoter element recognized by the viral RdRp for RNA syn-
thesis (Filomatori et al., 2006). SLB contains a sequence known as
5′UAR, Upstream AUG Region, that is complementary to a se-
quence located at the 3′ end of the viral genome (Alvarez et al.,
2005b). The approximately 450-nucleotide DENV 3′UTR lacks a
poly(A) tail, but ends in a very conserved 3′ stem loop (3′SL). A
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viruses revealed its absolute requirement for viral replication
(Brinton et al., 1986; Elghonemy et al., 2005; Men et al., 1996;Tilgner et al., 2005; Yu andMarkoff, 2005; Zeng et al., 1998). The
bottom half of the 3′SL contains the sequence that is com-
plementary to the 5′UAR located at the 5′UTR. Another essential
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known as the conserved sequence CS1 (Hahn et al., 1987).
This element contains the cyclization sequence 3′CS that is com-
plementary to a region located within the coding sequence of
the capsid protein at the 5′ end of the ORF (Hahn et al., 1987)
(Fig. 1A).
Flavivirus genome cyclization, mediated by complementary
sequences, was proposed to be necessary for viral RNA re-
plication (Alvarez et al., 2005b; Corver et al., 2003; Khromykh et
al., 2001; Lo et al., 2003). Identification of a promoter element for
DENVRNA synthesis at the viral 5′UTR provided the molecular
basis for the need of RNA cyclization (Filomatori et al., 2006). In
vitro studies using RNA binding assays helped to dissect the
requirement of two pairs of complementary sequences, 5′–3′CS
and 5′–3′UAR, for 5′–3′ end interaction (Alvarez et al., 2005b;
You et al., 2001). Functional evidence supporting the role of 5′–3′
CS complementarity in the replication of West Nile, Kunjin,
dengue, and yellow fever viruses was previously reported
(Alvarez et al., 2005a; Alvarez et al., 2005b; Corver et al.,
2003; Khromykh et al., 2001; Lo et al., 2003; You et al., 2001;
You and Padmanabhan, 1999). Although a role for the 5′–3′UAR
interaction was proposed for DENV replication and a potential
interaction between 5′–3′UAR has been predicted in different
mosquito borne flavivirus genomes (Khromykh et al., 2001;
Thurner et al., 2004), a rigorous functional analysis of UAR
elements during flavivirus replication is lacking.
Here, we characterize the role ofUAR complementarity during
DENVreplication. Singlemutations withinUAR in the context of
replicating viral RNAs decrease viral RNA synthesis 200 to 3000
fold. In most of the cases, compensatory mutations that restored
5′–3′UAR base pairings also rescued viral RNA replication.
Furthermore, nucleotide changes within the loop or disruption of
the stem of SLB, which were designed to maintain UAR com-
plementarity, were tolerated for viral translation and RNA re-
plication. Finally, substitutions within UAR in the context of
infectious DENV clones resulted in spontaneous mutations that
partially restored UAR complementarity and mutations that pro-
vided evidence of alternative structures formed within the 3′ end
of the viral RNA. We propose that UAR sequences are important
cis-acting elements involved in DENV RNA replication.
Results
Impaired replication of DENV RNAs with mutations in the
cyclization sequences
The 16-nucleotide-long 5′UAR is located just upstream of the
translation initiation AUG and is complementary to a sequenceFig. 1. Impaired replication of DENV RNAs with compensatory mutations within 5′–
the complementary regions 5′–3′UAR and 5′–3′CS. Location of the predicted stem
circular conformation of the RNA is schematically shown on the right. Hybridized 5′–
last 106 nucleotides and the first 143 nucleotides of DENV genomic RNA is sho
schematically linking the 5′ and 3′ ends of the molecule. The nucleotide sequences o
indicated with an arrow. (B) Nucleotide changes introduced within 5′ and 3′UAR
measured in cytoplasmic extracts prepared from BHK cells transfected with the respe
in logarithmic scale at 8, 24, 48, 72, and 96 h after RNA transfections. Error ba
independent transcriptions and transfections.present within the 3′SL (Fig. 1A, 5′UAR and 3′UAR). The
predicted cyclization of the DENV genome includes hybridiza-
tion of 5′–3′UAR, resulting in 15 base pairings interrupted
by a C bulge and a G–G mismatch, and 5′–3′CS interaction
(Fig. 1A). We have previously reported that mutant DENV
RNAs carrying substitutions within 5′ or 3′UAR that disrupted
complementarity were replication impaired, while the mutant
with compensatory changes was able to replicate (Alvarez et al.,
2005b). Although the virus with reconstituted UAR comple-
mentarity was viable, it showed a profound delay in replication.
Therefore, we decided to further investigate the requirement
of specific nucleotides within UAR and the need of sequence
complementarity for viral replication using new DENV RNA
mutants with substitutions in different positions.
To this end, we used a previously described DENV replicon
system, which encodes the firefly luciferase gene as a reporter
replacing the viral structural proteins (Alvarez et al., 2005a).
We designed mutations within 5′UAR or within both 5′ and 3′
UAR, disrupting or reconstituting the predicted 5′–3′UAR
complementarity (Mutants 5′ A and 5′ B; and Mutants 5′–3′ A
and 5′–3′ B, respectively, Fig. 1B). Two control replicons were
included, a wild type replicon and a mutant with a substitution
in the catalytic site of the viral polymerase NS5 (Mut NS5).
Controls and mutated RNAs were each co-transfected into
BHK cells with a second RNA encoding Renilla luciferase
used to standardize transfection efficiencies. After 8h of RNA
transfection, the levels of luciferase were similar for the WT
and the Mut NS5 replicons, indicating that the reporter activity
at this time represents translation of the input RNA (Fig. 1C).
After 24h, cells transfected with the WT replicon showed an
exponential increase of luciferase activity, while with the Mut
NS5 replicon the luciferase activity decreased to reach back-
ground levels (Fig. 1C). The luciferase activity observed 8h
post-transfection of Mut 5′ A and Mut 5′–3′ A RNAs was
similar to control replicons, suggesting efficient translation
(Fig. 1C). Between 24 and 96h after transfection the Mut 5′ A
showed a similar kinetic of luciferase activity as the Mut NS5,
indicating that RNA synthesis of this UAR mutant was
impaired. However, the Mut 5′–3′ A, which contains the mu-
tations of Mut 5′ A together with the compensatory mutations
at the 3′ end of the RNA, showed efficient RNA replication,
confirming an important role of sequence complementarity.
In contrast, with the Mut 5′ B and Mut 5′–3′ B no RNA
replication was detected until 96h post-transfection, suggesting
that the replication impaired phenotype of Mut 5′ B was not
rescued by incorporation of the compensatory mutations pre-
dicted to restore complementarity (Fig. 1C). Overall, the results
suggest that, in addition to 5′–3′ complementarity, specific3′UAR. (A) Schematic representation of DENV genome showing the location of
loop A (SLA), stem loop B (SLB), and 3′ stem loop (3′SL) is also indicated. A
3′UAR and 5′–3′CS regions are indicated. Secondary structure prediction of the
wn in the bottom (Zuker, 2003). The rest of the viral genome is represented
f the hybridized 5′–3′CS and 5′–3′UAR are shown. The initiator AUG codon is
in the mutant replicons are indicated in boldface. (C) Luciferase activity was
ctive replicon, as indicated at the bottom. Normalized luciferase levels are shown
rs indicate the SD of duplicates. This experiment was performed twice using
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at the 3′ end is important for viral RNA synthesis.
5′–3′UAR complementarity acts as a cis-acting replication
element
In this study, we sought to analyze the role of 5′ and 3′UAR
sequences in DENV replication in vivo. Finding that specific nu-
cleotide changeswithinUARhad a deleterious effect on viral RNA
replication, regardless of 5′–3′UAR complementarity, increased
the complexity of the analysis. Therefore, in order to study the
requirement of UAR sequences as: a) important nucleotides for
RNA synthesis, b) genome cyclization elements, and c) conservedFig. 2. Requirement of UAR complementarity during DENV RNA synthesis. (A) N
mutant replicons carrying substitutions within 5′ and 3′UAR. Locations are indicated
of WT and UAR mutated DENV replicons. Luciferase activity was measured in cytop
RNA, as indicated at the bottom. Positive and negative controls are included (WT an
scale. These data are representative of two independent experiments performed in
interacting 5′ and 3′ terminal regions of the 21 mutated replicons (for details see Fig.
divided into three groups: Group I, Group II, and Group III. In Group I, the 5′ and
structures as indicated by arrows; in Group II, the 5′–3′UAR regions were predicted
of the 3′SL opens to hybridize with the 5′UAR sequence, similar to the structure pred
replicon Mut 2 (3′)# the predicted structure differs from the other mutants, formatio
Fig. S1). (D) The luciferase activity 72 h post-transfection of mutated replicons wassecondary structures; we pursued a systematic mutational analysis
introducing subtle changes within 5′ and/or 3′UAR.
Using the replicon system, we generated 7 sets of replicons
(Fig. 2A). Each set contained three replicons with substitutions:
i) at the 5′UAR, Mut 1 to 7 (5′), ii) at the 3′UAR, Mut 1 to 7
(3′), and iii) at the 5′ and 3′UAR in the same replicon, Mut 1 to
7 (5′–3′). The mutations within the 5′ end were designed at
the loop or at both sides of the stem to avoid alteration of
the predicted SLB structure. The mutations at the 3′ end were
designed to restore complementarity of the respective 5′ end
mutant. When possible, the structure of the 3′SL was also
maintained. In the case of Mut 2 (3′) and Mut 3 (3′) a mismatch
within the stem of the 3′SL was generated (see below).ucleotide sequence of WT and mutated 5′ and 3′UAR. Location and name of
by arrows and the nucleotide changes are shown in brackets. (B) RNA synthesis
lasmic extracts prepared from BHK cells 72 h post-transfection of each replicon
d Mut NS5, respectively). Normalized luciferase levels are shown in logarithmic
duplicates. (C) Schematic representation of predicted secondary structures of
S1). Mutations within 5′ and/or 3′UAR resulted in different predicted structures
3′UAR regions are not predicted to hybridize, maintaining the SLB and 3′SL
to anneal with an additional mismatch within UAR; and in Group III, the bottom
icted for the WT RNA. A list of replicons included in each group is shown. In the
n of a stem loop at the 3′ end is predicted but the SLB is not maintained (see
organized according to the three groups shown in part C of this figure.
Fig. 2 (continued ).
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were transfected into BHK cells and RNA synthesis was eva-
luated 72h post-transfection. In addition, the predicted second-
ary structures of the terminal regions of the mutated replicon
RNAs were analyzed using the Mfold algorithm (Zuker, 2003;
Fig. S1). This analysis was previously shown to be helpful to
predict 5′–3′ end interactions (Alvarez et al., 2005b; Corver
et al., 2003; Gritsun and Gould, 2007; Khromykh et al., 2001;
Lo et al., 2003; You et al., 2001; You and Padmanabhan, 1999).
In the set 1, the Mut 1 (5′) maintains 15 base pairs in the UAR
region and was able to replicate (Fig. 2B). In contrast, the Mut 1
(3′), in which 5′–3′UAR hybridization was predicted to be
disrupted and the stability of the bottom part of the 3′SL was
maintained, RNA replication was undetectable. This defect was
restored by incorporation of the mutations at the 5′ and 3′ ends
in the Mut 1 (5′–3′) (Fig. 2B). In the case of set 2, the sub-
stitutions introduced in the Mut 2 (5′) and the one introduced in
the Mut 2 (3′) were both predicted to disrupt 5′–3′UAR hy-
bridization. In both cases, RNA synthesis was reduced about
200 fold. The double mutant Mut 2 (5′–3′) restored RNA
synthesis, but without reaching the control levels (Fig. 2B). This
mutant carries a mismatch within the stem of the 3′SL (at
position − 8 from the 3′ end), which could account for the lower
replication of this replicon respect to the control RNA. In the set
3, the predicted structures of Mut 3 (5′) and Mut 3 (3′) RNAssuggest hybridization of 5′–3′UAR with a mismatch and both
mutants were able to replicate. Although the Mut 3 (3′) includes
a substitution introducing a change in the structure of the 3′SL
(position − 7 from the 3′ end) replication was efficient. Si-
milarly, Mut 3 (5′–3′) showed high levels of RNA replication.
In the case of sets 4, 5, and 6, the three RNAs carrying the
mutation within the 5′UAR (Mut 4 (5′), Mut 5 (5′), and Mut 6
(5′)) were predicted to disrupt 5′–3′ hybridization and RNA
replication was between 400 and 2000 fold lower than the con-
trol RNA (Fig. 2B). The three replicons carrying the mutation at
the 3′ end, Mut 4 (3′), Mut 5 (3′), and Mut 6 (3′), were predicted
to maintain both 5′–3′UAR complementarity and the structure
of the 3′SL by G–U base pairings. RNA replication of Mut 4
(3′) was similar to control levels, while Mut 5 (3′) and Mut 6
(3′) showed a significant 10 fold reduction. Furthermore, the
three double mutants, Mut 4 (5′–3′), Mut 5 (5′–3′), and Mut 6
(5′–3′), were able to restore the profound RNA replication
defect observed with the Mut 4 (5′), Mut 5 (5′), and Mut 6 (5′),
providing evidence that complementarity rather than the nu-
cleotide sequences per se in the modified positions was the
requirement for efficient viral RNA synthesis. In the set 7, al-
though the Mut 7 (5′–3′) was predicted to maintain 5′–3′UAR
complementarity RNA synthesis was undetectable (see below).
If we examine the predicted structures of the 21 mutant RNAs
used in this analysis, it is possible to divide the replicons into three
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ii) the substitutions generated additional mismatches within the
hybridized UAR region, and iii) hybridization was restored by
compensatory substitutions or by G–U pairing (Fig. 2C). Taken
together, the data show strong correlation between UAR com-
plementarity andRNAamplification (Fig. 2D). From10 replicons
that were predicted to maintain UAR complementarity, 9 were
able to replicate efficiently. The Mut 7 (5′–3′) was the exception.
Furthermore, the three replicons bearing an additional mismatch
within the hybridized UAR were able to replicate (Mut 1-5′, Mut
3-5′, and Mut 3-3′), suggesting that mismatches in certain po-
sitions were tolerated (Fig. 2D,Group II). The eight mutant RNAs
predicted to disrupt 5′–3′UAR hybridization showed luciferase
levels between 200 and 3000 fold lower than the control RNA.
Although greatly impaired, three RNAs in this group, Mut 2 (5′),
Mut 2 (3′), and Mut 4 (5′), showed detectable levels of RNA
synthesis.
Specific nucleotideswithinUARare required forDENVreplication
The replicon Mut 7 (5′–3′) was designed to reconstitute 5′–3′
UARhybridization, however, RNA replication was impaired. It is
possible that the nucleotide substitutions within 5′ or 3′UAR
in this mutant render tertiary structures of the RNA that could
interfere with 5′–3′ interactions. To investigate this possibility,
we analyzedwhether in vitro transcribed RNAmolecules with the
5′ and 3′ end sequences of Mut 7 were able to interact to form an
RNA–RNA complex. Thus, RNAs with sequences correspond-
ing to the 5′ end 160 nucleotides of theWTor theMut 7 (named 5′
RNA-WTand 5′RNA-Mut 7, respectively) were radiolabeled and
used in mobility shift assays to determine the formation of RNA–
RNA complexes with a second RNA carrying the sequence of the
last 106 nucleotides of the WTor Mut 7 RNAs (named 3′SL-WT
and 3′SL-Mut 7, respectively). The 5′RNA-WT was able to
interact with the 3′SL-WT to form an RNA–RNA complex
(Fig. 3A, lanes 1–5). As predicted, the 5′RNA-Mut 7 was unable
to form a complex with the 3′SL-WT (Fig. 3A, lanes 6–10).
However, a stable RNA–RNA complex was formed when the 5′
RNA-Mut 7 was incubated with the 3′SL-Mut 7 RNA (Fig. 3A,
lanes 11–15). This result suggests that the replication defect
of Mut 7 (5′–3′) observed in Fig. 2B cannot be explained by
the lack of reconstitution of 5′–3′ interaction. It is possible that,
in the context of longer RNAs, the substitutions present in the
Mut 7 (5′–3′) replicon could interfere with RNA cyclization or
with viral polymerase recognition. To analyze this possibility, we
determined the in vitro activity of a recombinant DENV RdRp
using a template that contained the WTor the Mut 7 sequences at
the ends of the RNA. We have previously shown that DENV
RdRp activity depends on the ability of the RNA template to
circularize, and this observation was evident using templates
longer than 500 nucleotides (Filomatori et al., 2006). Therefore,
we used a model RNA molecule of 2kb flanked by the 5′ and 3′
end sequences of DENV WT, with deletion of the cyclization
sequences (T-Mut-Δ5′CS and T-Mut-Δ5′UAR), or carrying the
substitution of the Mut 7 (T-Mut 7 (5′) and T-Mut 7 (5′–3′)). As
expected, deletion of 5′CS or 5′UAR, which impairs RNA cy-
clization, greatly decreased RNA polymerase activity (Fig. 3B).The RNA template carrying Mut 7 sequences at the 5′ end
and WT sequences at the 3′ end (T-Mut-7 (5′)) was a poor
template for polymerase activity as compared to the T-WT. In
contrast, the RNA template carrying the 5′ and 3′ end sequences
of Mut 7, restoring UAR complementarity, was an excellent
template for polymerase activity (Fig. 3B). The results indicate
that the mutations present in the Mut 7 replicon allowed long-
range RNA–RNA interactions and polymerase recognition in
vitro, but yet RNA replication was undetectable with the replicon
system, indicating that the specific nucleotides modified could
play a role in viral RNA replication, independently of 5′–3′UAR
complementarity.
The DENV replicon system is a powerful tool to discriminate
between viral translation and RNA synthesis. In addition, the
wide dynamic range, four orders of magnitude of luciferase
activity, provides a sensitive assay to detect defects on RNA
replication. However, as previously reported, the replicon sys-
tem allows following RNA replication only up to 4days post-
transfection (Alvarez et al., 2005a). Because the replication of
certain DENV mutants could be delayed more than 4days, the
replicon system is not useful to analyze RNA synthesis of this
kind of mutants. Therefore, to further analyze the defects of Mut
7, we introduced the respective mutations at the 5′, 3′, and both
5′ and 3′ ends into the infectious DENV 2 16681 clone (Kinney
et al., 1997).
In vitro synthesized viral RNAs were transfected into BHK
cells and infectivity was assessed by immunofluorescence as-
says (IFA). Cells transfected with the WT DENV RNA showed
positive IFA at day 1, and 100% of the monolayer was antigen-
positive at day 3 (Fig. 3C). At day 4, cells showed extensive
cytopathic effect and death (data not shown). Cells transfected
with mutant DV Mut 7 5′ or DV Mut 7 3′ were IFA negative
until the end of the experiment (12days). In contrast, the RNA
carrying the compensatory mutations DV Mut 7 5′–3′ showed
few cells with positive signal at day 6. The infection propagated,
yielding about 20% of the monolayer IFA positive at day 9
(Fig. 3C). The delayed replication of this mutant could explain
the undetectable levels of RNA amplification in the replicon
system. Furthermore, to determine the nucleotide sequence of
the replicating DV Mut 7 5′–3′ mutant, RNAwas purified from
particles isolated in the supernatant, and used for RT-PCR and
sequencing analysis. The sequence recovered contained a mu-
tation outside the UAR region. Interestingly, this mutation
restored a predicted base pair within a short hairpin at the 5′ end
of the 3′SL (Fig. 3D), suggesting that the modified nucleotide at
position 10644 could participate in alternative structures; hybri-
dizing locally to form a stem with nucleotide 10631 or base
pairing through long-range interactions with nucleotide 94 of
the 5′UTR. Together the data suggest that certain nucleotides
within UAR participate in alternative secondary and tertiary
structures of the viral RNA.
Structural flexibility is tolerated in the stem loop B of DENV
5′UTR
The 21-nucleotide SLB contains the 5′UAR sequence and
is highly conserved among different DENV isolates but the
Fig. 3. RNA–RNA interaction and replication of Mut 7 (5′–3′). (A) RNAmobility shift assays showing that reconstitution of 5′–3′UAR complementarity in the Mut-7
(5′–3′) restores RNA–RNA complex formation. Two different 5′RNA probes: 5′RNA-WT and 5′RNA-Mut 7 were incubated with increasing concentrations of
unlabeled 3′SL RNA-WT or Mut 7 as indicated in each case on the top of the gel. The mobility of the 5′RNA probe and the RNA–RNA complex is indicated on the
left. (B) In vitro activity of the viral RdRp using WTand UAR mutated RNA templates. On the left, schematic representation of RNA model molecule of 2 kb flanked
by DENV 5′ and 3′ end sequences and the respective mutations including a deletion of 5′CS (T-Mut-Δ5′CS), deletion of 5′UAR (T-Mut-Δ5′UAR), a substitution
within 5′UAR (T-Mut 7 (5′)), and the substitution in both 5′ and 3′UAR (T-Mut 7 (5′–3′)). On the right, viral polymerase activity expressed by fmoles of GMP [α-32P]
incorporated into acid insoluble RNA per minute and per μg of purified NS5pol protein is shown for each RNA template. The reaction was carried out as described in
Materials and methods. Error bars indicate the SD of three experiments. (C) Replication of full-length DENV RNA carrying the substitutions of Mut 7. Expression of
DENV proteins in BHK cells transfected with full-length WT and mutants Mut 7 5′, Mut 7 3′ and Mut 7 5′–3′RNAs. Viral replication was monitored by
immunofluorescence assay at 3, 6, and 9 days post-transfection using specific anti-DENV antibodies. (D) Schematic representation of the 3′SL indicating the
nucleotide changes in the DV Mut 7 5′–3′ and the spontaneous mutation recovered in culture.
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Fig. 4. Structure–function analysis of stem loop B (SLB). (A) Sequences and
predicted structures of WTand SLBmutants (SLB-1 and SLB-2). Underneath of
SLB-1 the predicted hybridization of 5′–3′UAR is also shown. (B) Translation
and RNA replication of WT and DENV replicons carrying mutations within
SLB: Rep-SLB1 and Rep-SLB-2 described in (A) and Rep-ΔSLB including a
complete deletion of SLB. In addition, the replication incompetent Rep Mut-
NS5 was included. Normalized luciferase levels are shown in logarithmic scale
for each replicon RNA at 8 h after transfection to estimate translation of input
RNA (left panel) and 70 h after transfection to evaluate RNA replication (right
panel).
Fig. 5. Trans-initiation of RNA synthesis by the viral RdRp depends on UAR
complementarity. (A) A denaturing polyacrylamide gel showing the radiola-
beled products from in vitro RdRp activity using recombinant NS5pol (6 ng/μl)
and 300 nM of the RNA templates described at the top of the gel (5′RNA that
contains the first 160 nucleotides of the viral genome, the complete 3′UTR of
454 nucleotides, and the combination of these two molecules carrying wild type
or mutated UAR sequences that disrupt complementarity). (B) Model for trans-
initiation. Schematic representation of the interaction of two RNA molecules
representing the 5′ and 3′ ends of DENV RNA and the viral polymerase ini-
tiating at the 3′ end of the two RNA molecules.
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a GNRA-like fold, previously described for tetraloops, similar
to boxB RNA of λ phage (Legault et al., 1998). This structure is
often involved in RNA protein interactions and tertiary
structures of the RNA (Jaeger et al., 1994). To study a possible
role of the SLB structure during DENV translation or re-
plication, we designed substitutions that would change 3 of the
5 nucleotides present in the loop (the sequence GCAGA was
replaced by GUGGG, SLB-1, Fig. 4A). In addition, the stem of
SLB was opened by substituting the first three nucleotides of
the stem AUU by CAA (SLB-2, Fig. 4A). The substitutions in
Mut SLB-1 were designed to maintain the 5′–3′UAR com-
plementarity (C–G and A–U base pairs were replaced by U–G
and G–U base pairs, respectively). In the case of mutant SLB-2,
the nucleotide changes were upstream of 5′UAR. Thus, the
potential for 5′–3′ interaction was maintained. Also, a complete
deletion of SLB was included (ΔSLB). Transfection of SLB-1,
SLB-2, and ΔSLB RNAs into BHK cells produced high levels
of luciferase activity at 8h similar to the WT control, suggesting
that SLB is not required for translation of the input RNA
(Fig. 4B). At 70h post-transfection ΔSLB RNA showed back-
ground luciferase activity, reflecting the lack of RNA synthesis
(Fig. 4B). In contrast, at this time, the luciferase activity in-
creased in the WT as well as in SLB1 and SLB2 replicons,
indicating replicon RNA amplification. Even though the repli-cation levels of SLB1 and SLB2 were about 10 fold lower than
the WT, the results indicate that viral RNA synthesis tole-
rates nucleotide changes that disrupt SLB. We conclude that
the SLB structure is not essential for translation or viral RNA
amplification.
Trans-initiation activity of the DENV RdRp depends on UAR
hybridization
We and others have previously shown that the viral 3′UTR is
not recognized in vitro as a template by the viral polymerase,
however, in the presence of 5′ end sequences trans-initiation
occurs using the 3′UTR as a template (Filomatori et al., 2006;
You et al., 2001). The sequence and structure of SLA at the 5′
end of the RNA are essential but not sufficient for this trans-
initiation activity, the presence of 5′–3′CS complementarity was
also shown previously to be required (You et al., 2001). To test
whether UAR hybridization is also necessary for this activity, we
used two RNA molecules corresponding to the ends of the viral
genome carrying or not substitutions that were predicted to
disrupt or reconstitute UAR base pairings. As previously re-
ported (Filomatori et al., 2006), an RNA carrying the first 160
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a template by the purified RdRp (Fig. 5A, lane 1). The 3′UTR
was not a template for the polymerase (Fig. 5A, lane 2) but when
the 3′UTR and the 5′RNAwere incubated with the polymerase
both products were observed (Fig. 5A, lane 3). In addition, the
same experiment was performed using mutated 5′RNA or 3′
UTRs with substitutions within UAR (Fig. 5A, lanes 4 and 5). In
these conditions, while the 5′RNA-Mut UAR was a good tem-Fig. 6. Spontaneous mutations partially restore UAR complementarity. Expression of
RNAs. Viral replication was monitored by immunofluorescence assay at 1, 3, 6, and 9
the supernatants from transfected cells were used to purify the RNA and sequencing a
SL of DV Mut 5′ B and DV Mut 3′ B, and the revertant viruses DV PRev. 5′ B and
spontaneous mutations are indicated by arrows.plate for polymerase activity, it was incapable of promoting
trans-initiation when incubated with the 3′UTR WT (Fig. 5A,
lane 5). In contrast, when the 5′RNA-UAR-Mut was incubated
with the RNAwith the compensatory mutations in the 3′UTR (3′
UTR-UAR-Mut) trans-initiation was efficient (see RNA pro-
duct of 454 nucleotides in Fig. 5A, lane 6). Together, the results
suggest that 5′UAR sequence is not required for polymerase
activity on the 5′RNA template, but becomes important for RNADENV proteins in BHK cells transfected with full-length WT and UAR mutated
days post-transfection using specific anti-DENVantibodies. Viruses recovered in
nalysis. The bottom panel shows the predicted hybridized 5′–3′UAR and the 3′
DVRev 3′ B, respectively. The mutations introduced are shown in bold and the
232 D.E. Alvarez et al. / Virology 375 (2008) 223–235synthesis in trans at the authentic 3′UTR. A possible model for
the trans-initiation activity could involve the formation of an
RNA–RNA complex (5′RNA–3′UTR), allowing the RdRp to
recognize the 3′ end of the two RNAs to initiate RNA synthesis
from both molecules (Fig. 5B).
Spontaneous mutations restore UAR complementarity in DENV
infectious clones
Because the RNA replication of Mut 5′–3′B (Fig. 1C) was
undetectable up to 4days after transfection using the replicon
system, we decided to further analyze this mutant in the context
of the infectious clone. The nucleotide substitutions present in
the Mut 5′–3′B are a combination of three sets of mutations
described in Fig. 2A: Mut 1 (5′–3′) + Mut 3 (5′–3′) + Mut 5
(5′–3′). Therefore, the combined substitutions at the 5′, 3′, and
5′–3′ were introduced to generate three full-length RNAs: DV
Mut 5′ B, DV Mut 3′ B and DV Mut 5′–3′ B. In vitro syn-
thesized viral RNAs were transfected into BHK cells and
infectivity was assessed by IFA. Cells transfected with the WT
DENV RNA showed positive IFA at day 1, and 100% of the
monolayer was antigen-positive at day 3 (Fig. 6). The mutant
DV Mut 5′–3′ B showed IFA positive at day 3, reaching nearly
100% of the monolayer antigen-positive at day 6. Similar results
were observed with DV Mut 5′ B, while DV Mut 3′ B was
further delayed. This virus showed about 60% of the monolayer
antigen-positive at day 9 (Fig. 6). These results indicate that all
mutated RNAs were severely impaired in replication but yet
infectious particles were obtained. To determine the nucleotide
sequence of these replicating viruses, RNA was purified, used
for RT-PCR, and sequenced. Interestingly, the sequence re-
covered from cells transfected with DV Mut 5′ B and DV Mut
3′ B showed differences from the input RNA. In both cases a
mix of the transfected sequences and the spontaneous mutations
were observed. Infection of fresh cells with supernatants ob-
tained from transfected cells resulted in a quick selection of
viruses that partially restored UAR complementarity. In the case
of DV Mut 5′ B, a mutation within the 3′SL allows a new G–C
base pair within UAR, absent in the WT sequence (DV PRev. 5′
B, Fig. 6). Also, this spontaneous mutation generates a
mismatch at the bottom of the 3′SL (position 10,651). In theFig. 7. Potential cyclization of UAR sequences in mosquito and tick-borne flaviviru
virus type 1 to 4 (DENV1 GenBank number M87512, DENV2 GenBank number
M14931), West Nile virus (WNV, GenBank number M12294), Japanese encepha
GenBank number NC002031); and the 5′–3′CS-A of tick-borne encephalitis virus (T
complementary sequences. In boldface the translation initiator AUG is indicated.case of mutant DV Mut 3′ B, a nucleotide change restored the
wild type G–C base pair corresponding to the position changed
in Mut 1 (3′). The resulting DV Rev. 3′ B RNA (Fig. 6)
replicates with two substitutions, Mut 3 (3′) + Mut 5 (3′), which
were individually tolerated for RNA replication in the replicon
system. Furthermore, the sequence of the virus recovered in the
supernatant of cells transfected with the mutant with the com-
pensatory mutations DV Mut 5′–3′ B was identical to the input
RNA, indicating that, although the RNA was replication de-
layed, the predicted reconstitution of UAR was functional.
These results provide further evidence of the increased repli-
cation capacity of viruses that spontaneously restore UAR
complementarity.
Discussion
Here, we defined a crucial role of UAR complementarity
during DENV replication in transfected and infected cells. The
results support the model in which both 5′–3′CS and 5′–3′UAR
hybridization are important tertiary interactions for DENV ge-
nome amplification in vivo.
A systematic mutational analysis using a DENV replicon
system indicated that single mutations predicted to disrupt 5′–3′
UAR complementarity greatly decrease RNA synthesis, leading
in some cases to undetectable levels of amplification (Fig. 2B).
Importantly, compensatory mutations that would restore base
pairings also rescued RNA synthesis. In addition, most of the
single nucleotide substitutions within UAR were tolerated for
RNA replication as long as complementarity was maintained.
However, in some cases when substitutions in 5′–3′UAR were
introduced in combinations, such as in the case of Mut 5′–3′ B
(Fig. 1), replication of the RNA was severely impaired; while
the single reconstitutions (Mut 1 (5′–3′), Mut 3 (5′–3′), and
Mut 5 (5′–3′)) replicated efficiently (Fig. 2B). These observa-
tions suggest that changing several nucleotides at the same time
in certain positions within UAR results in a negative additive
effect on RNA amplification. Importantly, alignment of pub-
lished sequences of DENV isolates from different serotypes
(DENV1 to DENV4) showed an absolute conservation of UAR
nucleotides, without co-variations, providing evidence of a se-
lective pressure to keep the WT nucleotide sequences (Fig. 7).s. The nucleotide sequences of the complementary region 5′–3′UAR of dengue
U87412, DENV3 GenBank number M93130, and DENV4 GenBank number
litis virus (JEV, GenBank number NC001437), and yellow fever virus (YFV,
BEV, GenBank number U27495) are shown. The grey boxes denote the inverted
233D.E. Alvarez et al. / Virology 375 (2008) 223–235Mutations within UAR in the infectious DENV RNA allowed
analysis of the selective pressure in culture after several rounds
of viral replication (Fig. 6). In this case, spontaneous mutations
were selected that partially restored UAR base pairings, pro-
viding direct evidence of the increased fitness of these viruses.
Complementary sequences homologous to UAR in their lo-
cation (upstream of the initiator AUG at the 5′ end and within
the stem of the 3′SL) are observed in mosquito and tick-borne
flaviviruses (Fig. 7), suggesting a possible role of UAR com-
plementarity in these viruses. It is still unknown how interactions
between the 5′ and 3′ ends of flavivirus genomes provide the
correct conformation of the RNA for viral polymerase recogni-
tion. The 3′SL is predicted to be disrupted upon 5′–3′UAR
hybridization, supporting the idea that the bottom of the 3′SL
could open during viral RNA synthesis. Structural changes
around the 3′ terminal nucleotides were previously reported for
other plus strand RNA viruses, in which melting 3′ end RNA
structures was a prerequisite for polymerase initiation of RNA
synthesis (Olsthoorn et al., 1999; Pogany et al., 2003; Zhang
et al., 2006; Zhang et al., 2004). Here, we showed that UAR
hybridization is necessary in vitro for trans-initiation activity of
the viral polymerase on the 3′UTR template (Fig. 5). However, it
is still unclear whether the UAR hybridization is only necessary
to bring the 3′ end near the polymerase binding site at the 5′ end
of the genome or whether it is also important to induce the
conformational changes around the 3′SL. It is possible that
fluctuating conformations between the 3′SL and the annealed
5′–3′UAR are present in the infected cell. In this regard, a
spontaneous mutation restoring a small hairpin of the 3′SL,
which partially overlaps with 3′UAR, was recovered after trans-
fection of the Mut 7 (5′–3′) RNA (Fig. 3C). Finding spon-
taneous mutations that restore alternative structures, 5′–3′UAR
base pairings (Fig. 6) and 3′ end elements (Fig. 3D), supports the
idea that dynamic conformations of the RNA might be relevant
for viral replication.
In addition, overlapping functions of nucleotides within the
5′UAR are also possible. Mut 7 (5′–3′) carries substitutions at
the −3 position respect to the translation initiator AUG. This
particular nucleotide was recently reported to have a regulatory
function in start codon selection (Clyde and Harris, 2006). Al-
though our results did not show a defect in translation of trans-
fected RNAs carrying mutations at this position, we cannot rule
out a role of nucleotides within 5′UAR in later rounds of
translation. The formation of the SLB in the 5′UTR is supported
by sequence conservation and thermodynamic predictions
(Brinton and Dispoto, 1988; Filomatori et al., 2006; Leitmeyer
et al., 1999). Our results provide evidence that this structure is
not essential for translation or RNA synthesis (Fig. 4). The high
conservation of the SLB could be just a consequence of UAR
conservation. However, further studies will be necessary to
define whether this stem loop structure has a function during
other steps of the viral life cycle such as encapsidation.
Altogether, the results presented here provide details of
intramolecular contacts in the viral RNA that are necessary
during DENV genome amplification in cells. We believe that
uncovering the mechanisms of DENV replication will aid the
search for new antiviral strategies.Materials and methods
Design of DENV RNA molecules
The plasmid pDVRep containing the firefly luciferase in
place of DENV structural proteins was previously described
(Alvarez et al., 2005a). All numbers given below refer to nu-
cleotide positions of a DENV type 2 strain 16681 infectious
cDNA clone (GenBank accession number U87411). To generate
pDVRep Mut 5′ A (81-AGGGAGCAAGTCCCTG) and Mut 5′
B (81-AGAGGCCCGACCTCTG), a fragment carrying the un-
derlined nucleotide substitutions was obtained by overlapping
PCR flanked by the restriction sites SacI–SphI. Recombi-
nant plasmids were obtained by replacing a SacI–SphI frag-
ment from pDVRepWT with the fragment generated by PCR.
The respective compensatory mutations in the 3′UTR, Mut 3′ A
(10642-CAGGGACCTTGCTGTCT) and Mut 3′ B (10642-
CAGAGGTCCGGGTGTCT), were generated by cassette sub-
stitution between AflII and XbaI sites in pDVRep 5′ A and
pDVRep 5′ B to generate pDVRep 5′–3′ A and pDVRep 5′–3′
B, respectively. The same cloning strategy was used to generate
the sets of Mut 1 to Mut 7 in the replicon RNA. The specific
nucleotide changes introduced in each case are described in
Fig. 2A. Substitutions at the loop and stem of SLB in the
recombinant plasmids pDVRep SLB-1 and SLB-2 respectively,
are described in Fig. 5A. Plasmid pDVRep ΔSLB bears a
deletion of nucleotides 80 to 96 within the viral 5′UTR. To
obtain the recombinant DENV infectious clone carrying Mut 7
(3′) substitutions, the wild type AflII–XbaI fragment from pD2/
ICAflII previously described (Alvarez et al., 2005b) was ex-
changed with the fragment of the replicon containing the Mut 7
(3′) mutation. Infectious clone plasmids carrying Mut 7 (5′),
were obtained by digesting an overlapping PCR product car-
ryingMut 7 (5′) substitutions with SacI and SphI and cloning the
resulting fragment into the homologous restriction sites within
pD2/ICAflII or the DV Mut 7 (3′) mutant clone to obtain DV
Mut 7 (5′) and DV Mut 7 (5′–3′) cDNAs, respectively. We
followed the same cloning strategy to obtain DENV infectious
clones: DV Mut 5′ B, DV Mut 3′ B, and DV Mut 5′–3′ B.
To obtain the RNA templates for RdRp activity assays,
plasmids containing Mut-7 (5′) and Mut-7 (5′–3′) substitutions
were derived from pGL5′–3′DV previously described (Alvarez
et al., 2005b). Mut 7 (5′) and Mut 7 (5′–3′) nucleotide changes
were introduced in the pGL5′–3′DV replacing the fragments
SacI–AatII and XbaI–BamHI, respectively, with the fragments
carrying the mutations obtained from the respective replicon
(Rep Mut 7 (5′) and Rep Mut 7 (5′–3′)). Plasmids pGL5′3′
DVΔCS and pGL5′3′DVΔSLB used as templates to generate
5′3′DVΔCS and 5′3′DVΔUAR RNAs were previously
described (Filomatori et al., 2006). For trans-activation assay,
template molecules encompassing nucleotides 1 to 160 and
nucleotides 10270 to 10723 carried WT sequences or 5′RNA-
UAR-Mut (81-ACAGAGCACAUCUGUG) and 3′UTR-UAR-
Mut (10642-CACAGAUCGUGCUGUGU) substitutions,
respectively. For mobility shift assays, the sequences corre-
sponding to the 5′RNA (nucleotides 1 to 160) and 3′SL (nu-
cleotides 10617 to 10723) were amplified from WT or Mut 7
234 D.E. Alvarez et al. / Virology 375 (2008) 223–235(5′–3′) pDVRep plasmids by PCR and used as templates for in
vitro transcriptions. All mutated plasmids were confirmed by
sequencing using an ABI 377 automated DNA sequencer.
RNA transcription
RNAs were obtained by in vitro transcription using T7 RNA
polymerase Plus (Ambion Inc.). After 90 min incubation at
37 °C, transcripts were treated with DNase I RNase-free. The
RNAs were purified using an RNeasy Mini kit (QIAGEN Inc.)
to remove free nucleotides and quantified spectrophotometri-
cally. RNA integrity was verified by electrophoresis on agarose
gels. DENV genomic and subgenomic RNAs corresponding to
WT and mutants were obtained by run on transcription from the
respective plasmid linearized with XbaI enzyme. Transcriptions
were performed in the presence of 2 mM m7GpppA cap
structure analogue, 0.8 mM ATP, and 2 mM of UTP, CTP and
GTP. Renilla luciferase mRNAwas obtained by T7 RNA poly-
merase transcription using pRLCMV (Promega) linearized with
BamHI.
RNA transfection
For replicon RNA transfection, 200 ng of DVRepWTor Rep
mutant transcripts along with 100 ng of Renilla luciferase
mRNAwere mixed with 1 μl Lipofectamine 2000 (Invitrogen),
and the manufacturer's instructions were followed to transfect
BHK cells grown in 12-well plates. The luciferase levels were
analyzed at 8, 24, 48, 72, and 96 h post-transfection. At each
time point, the medium was removed, cells were washed with
PBS, harvested by scraping, centrifuged, and lysed by adding
80 μl of cell culture lysis buffer (Promega). To quantify both
firefly and Renilla luciferases, a dual-luciferase assay kit was
used (Promega) following the manufacturer's instructions. Lu-
ciferase activity was measured with a Veritas microplate lu-
minometer (Turner BioSystems). For transfections of infectious
DENVs, full-length DENV WT or mutant RNAs (3 μg) were
transfected with Lipofectamine 2000 (Invitrogen) into BHK-21
cells grown in 60-mm-diameter tissue culture dishes and super-
natants were harvested at 3, 6, and 9 days post-transfection.
Immunofluorescence
Transfected cells with WT and mutated full-length DENV
RNAs were used for immunofluorescence assay (IFA). BHK-21
cells were grown in 60-mm-diameter tissue culture dishes
containing a 1-cm2 coverslip inside. The coverslips were re-
moved and directly used for IFA analysis. The transfected cells
were trypsinized at day 3, and two-thirds of the total cells were
reseeded to a 60-mm-diameter tissue culture dish containing a
new coverslip inside. This procedure was repeated every 3 days.
At each time point, a 1:200 dilution of murine hyperimmune
ascitic fluid against DENV type 2 in phosphate-buffered saline–
0.2% gelatin was used to detect viral antigens. Cells were fixed
in paraformaldehyde. Alexa Fluor 488 rabbit anti-mouse im-
munoglobulin G and Alexa Fluor 488 goat anti-rabbit im-
munoglobulin G conjugates (Molecular Probes) were used asdetector antibodies at a 1:500 dilution. Photomicrographs (×200
magnification) were acquired with an Olympus BX60 micro-
scope coupled to a CoolSnap-Pro digital camera (Media Cy-
bernetics) and analyzed with Image-Pro Plus software.
Viral RNA extraction and sequencing
Viral RNAs were TRIZOL extracted from a 200-μl aliquot of
the media from transfected cells. Purified RNA was reverse
transcribed and PCR amplified. Primers were targeted to am-
plify nucleotides 1 to 1451 in the 5′ end and nucleotides 10201
to 10723 in the 3′ end. This primer design excluded the last 23
nucleotides of the genome from the sequencing analysis. The
RT-PCR products were sequenced using an ABI 377 automated
DNA sequencer and Big Dye terminator chemistry (Applied
Biosystems).
RNA binding assays
RNA–RNA interactions were analyzed by electrophoretic
mobility shift assays. Uniformly 32P-labeled RNA probes were
obtained by in vitro transcription using T7 RNA polymerase
and purified on 5% polyacrylamide gels and 6 M urea. The
binding reaction mixtures contained 5 mM HEPES, pH 7.9,
100 mM KCl, 5 mM MgCl2, 3.8% glycerol, 2.5 μg tRNA,
uniformly 32P-labeled 5′RNAs (0.1 nM, 30,000 cpm), and 5,
10, 20 or 40 nM of 3′SL RNAs, in a final volume of 30 μl. RNA
samples were heat denatured at 85 °C for 5 min and slowly
cooled to room temperature. RNA–RNA complexes were
analyzed by electrophoresis through native 5% polyacrylamide
gels supplemented with 5% glycerol. Gels were prerun for
30 min at 4 °C at 150 V, and then 25 μl of sample was loaded
and electrophoresis was allowed to proceed for 4 h at constant
voltage. Gels were dried and visualized by autoradiography or
exposed on a PhosphorImager plate.
RdRp in vitro assays
The standard assay was performed in a total volume of 25 μl
in buffer containing 50 mM HEPES (pH 8.0); 10 mM KCl;
5 mM MgCl2; 2 mM MnCl2; 10 mM dithiothreitol; 4 U RNase
inhibitor; 500 μM (each) ATP, CTP, and UTP; 10 µM [α-32P]
GTP; 0.5 µg of template RNA; and 0.15 µg of recombinant
purified NS5pol (Filomatori et al., 2006). The reaction was
carried out for 30 min at 30 °C and was stopped by adding a
denaturing solution to a final 7% (w/v) trichloroacetic acid
(TCA) and 50 mM H3PO4 at 0 °C. The TCA-precipitated RNA
was then collected by vacuum filtration using a V-24 apparatus
carefully adding the mixture onto the center of a Millipore filter
(type HAWP, 0.45-µm pore size). The filters were washed eight
times with 5 ml each of cold 7% (w/v) TCA–50 mMH3PO4 and
dried, and then the radioactivity was measured. For PAGE
analysis of the RNA products in the trans-initiation assay, the
standard mix was the same as the one described above except
that the reaction was ended by phenol extraction followed by
ethanol precipitation. The RNA products were resuspended in
TBE containing formamide (80%) and heated for 5 min at
235D.E. Alvarez et al. / Virology 375 (2008) 223–23565 °C. The samples were then analyzed by electrophoresis on a
5% denaturing polyacrylamide gel–6 M urea and visualized by
autoradiography or PhosphorImaging analysis.
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